We theoretically investigate the cooling of a propagating phonon through Brillouin scattering. To that end, we propose to introduce an external viscous force using Brillouin scattering and an electro-optic feedback. Short delays feedback show an efficient control of the Brillouin linewidth whereas long delays can induce Fano-like resonances.
I. INTRODUCTION
The study of microscopic mechanical devices and their interactions with light have attracted much interest recently [1, 2] . Among the most fascinating phenomena is the cooling of an oscillator [3] [4] [5] . Optomechanic interactions wether they find their origin in radiation pressure or electrostriction usually involve the inelastic scattering of a pump laser that produces Stokes and Anti-Stokes waves as in Brillouin scattering. When Stokes light is produced, it is downshifted in frequency from the value of the oscillator resonant frequency. As the scattered light transfers energy to the oscillator, a heating process occurs. On the opposite, Anti-Stokes light generation corresponds to a process where photons gain energy and are blueshifted. It is thus a cooling process. In order to favour one process over the other, an optical cavity can be added to have the pump and anti-Stokes waves optically resonants whereas the Stokes process is off or slightly off resonance. As a result, the detuning with respect to the cavity resonances will lead to heating or cooling [5] [6] [7] . Another method is to introduce an electrooptic feedback [8, 9] . In this case, the mechanical oscillation amplitude is optically measured and light is used to act as a supplementary feedback force on the mechanical device. If the supplementary force is proportional to the mechanical oscillation amplitude, the system behave as an opto-electronic oscillator. If it is tuned to be proportionnal to the time derivative of amplitude then the feedback acts similarly to an added viscous force [8, 9] . Depending on the sign of the viscous force, heating and cooling can be achieved. The control of the lifetime of the mechanical resonance is thus taken. All these studies were dedicated to mechanical oscillators, in this article we investigate a similar method applied to propagating phonons.
The optomechanic interaction we study is Brillouin scattering as depicted in Fig. 1 . Pump light (in blue) generates a Stokes wave propagating backward (red) and a phonon propagating forward (green). If we measure on a photodiode the optical beat between the Stokes wave and a local oscillator taken from the pump light, we can measure a RF oscillation that is a direct signature of the * Email:kphanhuy@univ-fcomte.fr phonon amplitude and phase. If we use this RF oscillation to send a feedback light at the Stokes frequency at the other end ot the fiber we obtain a Brillouin optoelectronic oscillator [10] [11] [12] [13] [14] . However, If we send light at the Anti-Stokes frequency with the correct amplitude and phase relationship, it will interact with the pump to produce an electrostrictive force that will act as a viscous force on the phonon and affect the Brilouin linewidth as highlighted by the pink area. This method of phonon lifetime management may find several applications such as filtering or Brillouin lasers where the Brillouin linewidth is used as an asset [15] [16] [17] . 
FIG. 1. Principles of Brillouin scattering and feedback cooling
The paper is organized as follow. First we give the theoretical background of our method and detail one possible experimental implementation. Then we will investigate both the cooling-heating process with a simple model and finally present the behaviour of the setup for long delays with the prediction of Fano-like resonance observation.
II. PRINCIPLE AND METHODOLOGY
First we shall consider the equations that rules Brillouin scattering as developped by Y. Pennec et al. [2] . The equations for pump E (1) and Stokes E (2) fields write where ω n are the respective optical pulsation, c is the speed of light, r is the relative dielectric permittivity, χ ijkl is the electrostriction tensor component, Ω is the frequency detuning between pump and signal and u k is the k component of the displacement field. The comma followed by an index refers to the derivative with respect to the index coordinate. The acoustic equation reads
where ρ is the material density c ijkl is the elastic tensor, T es ij is the electrostrictive force and 0 the vacuum dielectric permittivity and Γ B the viscous damping factor. The dot denotes the derivation with respect to time. Note that the propagation terms are usually neglected since the phonon propagates very slowly in comparison to light [18] . The principle of our methods consist in adding a third field E (3) that will produce a secondary electrostrictive force T f bk . If this force is made proportional to it is very similar to a Brillouin optoelectronic oscillator [12, 13] with few major differences nonetheless. A highly coherent laser light is first split in three path. LO and BRI paths are usual local oscillator and Brillouin pump path. The Brillouin pump (green arrows) goes through a circulator C and joint the optical microwire (OMW) where it experiences Brillouin backscattering. The back scattered light (red arrows) comes back to the circulator C and is routed to a fiber Bragg grating to isolate the Stokes light. This light is then mixed with the LO light to produce an optical beat measured by a photodiode. In a silica OMW of diameters inferior to 2 µm, boudary conditions are no more negligible and acoustic waves propagates as modes. As a result, all the components of the displacement field (u n ) n∈{x,y,z} are coherent and proportionnal to a wave function U e −i(Ωt−kz) of amplitude U , pulsation Ω and wavevector k that must satisfies the acoustic mode dispersion equation. As the same arguments already applies to the optical mode, in the nondepleted pump approximation, Eq. (1) becomes
where A (2) is the amplitude of the Stokes wave function A (2) e −i(ω2t−k2z) , z 0 is the coordinate of the OMW end, ∆z is the OMW length, k 2 is Stokes light wavevector, χ is the overall summed contribution of all the tensorial components of the electrostrictive interaction between the pump mode of amplitude A (1) and the acoustic mode of amplitude U . As a result the optical beat resulting from the mixing the LO and the Stokes waves is proportionnal to
where
(1) * are respectively Stokes and pump intensity. One can readily see that the optical beat is proportionnal to the phonon wave function. This information can thus be used to produce a feedback on the Brillouin scattering process as described in the following. The RF signal from the photodiode propagates along the pink line in Fig. 2 . The signal conditionning is performed thanks to a bandpass filter, a phase shifter and a RF amplifier before it feeds an electro-optic phase modulator (EOPM). The EOPM then modulates the laser light that followed the third path (FBK) to produce the feedback. To insure that the Anti-Stokes light is proportionnal to the phonon amplitude U , the modulator must be driven with low to moderate RF power (i.e. driving voltage V 2.4V π ). In this case the amplitude of the first harmonic amplitude would be J n V Vπ V 2Vπ ∝ U . The desired feedback modulated light thus leaves the modulator, goes through an isolator and a filter FBG2 that isolates the modulation sideband that corresponds to the Anti-Stokes frequency. Note that this is where our setup fundamentally differs from precious Brillouin optoelectronic oscillator schemes [13] . In those schemes, the Stokes sideband is used to stimulate the Brillouin scattering and close the loop of the oscillator. Here since we use the Anti-Stokes frequency to perform cooling, our goal is not to close a loop and add enough gain to have sustained oscillations or observe nonlinear cavity dynamic. In our case, the Stokes signal never reaches the photodiode since it is strongly attenuated by the filter FBG1 before the photodiode and the gain on the Anti-Stokes feedback is kept low. This should prevent unwanted oscillations. However a last condition has to be fullfilled so that the added process act as a viscous force. If we add the Anti-Stokes process to Eq. 3, we obtain
T f bk ij
is the l component of the amplitude of the feedback Anti-Stokes light. Thanks to the measurement of U and the control of the amplitude and phase of the RF signal, if the feedback delay is short enought to be negligible, we can alter E (3) * and make the feedback electrostrictive force equal to T f bk = iΩρκU i . Note that for an OMW, the Brillouin that is typically few tens of MHz large for a 9 GHz center frequency. As a consequence, multiplying by iΩ is similar to a time derivation. The phonon equation then writes
Following the calculation detailed in Boyd [18] , we find in continuous-wave regime that the Stokes intensity then writes
2 ) 2 I 1 I 2 , where g 0 is the Brillouin gain [18] . In Fig. 3 , we plot the normalized Brillouin gain for feedback neglected delay and various values of κ. One can see that for higher values of κ the damping increases thanks to the extra viscous force and enlarge the Brillouin resonance similarly to Cohadon et al. experiment results [9] . Note that to obtain this result it is important that the feedback delay is shorter than the photon lifetime which in the case of Brillouin in silica is 10 ns. In the following paragraph we will investigate the system response if the delay is longer.
III. TEMPORAL RESPONSE WITH MODERATE DELAY
First, we remind that since the acoustic wave behave as a mode, each component of the displacement field u i are proportionnal the acosutic wave function U (t) = U e −iΩt , an Eq. (7) can be rewritten in the simpler form of a damped oscillator equation when the propagation is neglected,Ü
where τ is the feedback delay and E es xc is the electrostriction force resulting from the pump-signal interaction. The dot denotes the derivation with respect to time. This equation is a constant delay differential equation that can be solved numerically [19, 20] . Here we resolve the free oscillation regime for E es xc = 0 and initial conditions U (0 < t) = 1. In Fig. 4 , we show the resolution for a 9 GHz resonance and different feedback value when the delay is negligible (τ
Γ B
). We have also decreased the life time to 0.3 ns to improve lisibility. In Fig. 4(a) , with no feedback involved, the lifetime is as expected 0.3 ns. As we apply a viscous force with κ = Γ B , Ithe acoustic lifetime reduces by a factor of two as shown by Fig. 4(b) . Finally, Fig. 4(c) shows that if we switch the feedback sign, we can compensate the damping as shown for κ = −0.8 × Γ B . The same numerical resolution can be performed for moderate delay like τ = 1 ns which is about three times the acoustic lifetime. In this case, Fig.  5(a-b) , shows a very different behavior. The feedback revive the acoustic wave with a period corresponding to the loop. Since the overall loop gain is lower than unity, the successive replicas have less energy. However comparing Fig. 5(a) and Fig. 5(b) shows that when the replica arrive in phase with the original acoustic oscillation, the oscillator progressively accumulate some energy until it reaches sustainable oscillation. This is what one would expect from a standard electro-optic oscillator. On the opposite, when the replica arrives out of phase as shown by Fig. 5(b) at 1 ns, we then observe a sequence of further damped oscillations. As this behavior depends on phase, it should have a signature in the frequency domain that will be investigated in the next paragraph.
IV. "FANO" SPECTRAL RESONANCE WITH LONG DELAY
Taking into account the delay τ , Eq. (10) rewrites
where k is the acoustic wavevector, γ e the electrostrictive constant, n the refractive index, ρ 0 the mean density of the medium. The right-hand side of the equation gives the Brillouin spectrum and can be computed for different delays. In the Fig. 6 , we show computed spectra for delay τ = 20 ns in linear (a) and dB scale (b) for a feedback strenght κ = Γ B in blue. Comparing with the non feedback Brillouin spectrum in green, we can see the spectrum almost splits in two peaks showing the signature of a modulated signal. In the temporal domain, one thus expect replicas of the Brillouin signal to be succesively reinjected via the feedback loop at this modulation rate similarly as the one shown previously in Fig. 5(a) . Since the right-hand side Eq. (11) involves the real part of the Lorentzian expression, it reaches a maximum value when the denominator finds its lowest value. When Ω is taken far from the Brillouin resonance Ω B it occurs whenever Γ B + κe iΩτ is minimum. It is illustrated by Fig. 6 (b) that shows in log scale the presence of Fabry-Perot-like fringes spaced by a free spectral range 2π τ corresponding to a cavity formed by the loop. When Ω is taken close to Ω B , one can see that the frequencies that minimize the denominator are degenerated around the Brillouin frequency thanks to the complex nature of κe iΩτ . The imaginary part of this terms then adds to Ω 2 B in the equation leading to small resonances on both sides of the Brillouin frequency Ω B . When the delay is increased just enough to induce a π-phase shift, the spectrum flattens as seen in Fig. 6(c) . Since a phase-shift in time domain results in a translation in frequency domain, the Brillouin resonance is now aligned with a Fabry-Perot dark fringe. However as shown in Fig. 6(d) , the Ω 2 B − Ω 2 dominate and no dip is ound. Note that the spectrum widening finds its echo in the time domaine where the replicas are alternatively in-phase and out of phase every loop time leading to a loss of coherence. Finally, Fig. 6(e) shows the most interesting behaviour as the delay is again increased of Here we observe a Fano-like resonance. Fano resonance occur when a background continuum of states is coupled to a resonant discrete state. Usually the spectrum due to the background states vary slowly enabling the resonant discrete state to induce a sharp asymetric peak in the spectrum [21, 22] . Here the Brillouin resonance is the discrete state and the cavity formed by the feedback loop gives a set of states. However in our case the Brillouin resonance is large and play the role of the slow varying spectrum whereas the feedback loop states are sharp and resonants. It finds explanation as the losses from the feedback loop can be compensated by the RF amplifier. As illustrated by Fig. 6(f) , the result is nonetheless very similar to a Fano resonance as a a sharp and asymetric resonance emerge from the spectrum at the Fabry-Perot resonance position. Such a narrow linewidth resonance could be used in an optical tunable Brillouin filter or a Brillouin laser where the feedback length is not a problem.
V. CONCLUSION
In conclusion, we have theoretically investigated the control of the Brillouin linewidth by electo-optic feedback. Contrary to previous experiments where the combination of Brillouin scattering and optical-feedback was intended to build an optoelectronic oscillator, we use the optical feedback to take control of the Brillouin linewidth by introducing an external viscous force. For delay shorter than the coherence time, the viscous force can damp or narrow the Brillouin linewidth depending on its sign and value. For longer delay, a behaviour similar to optoelectronic oscillator is predicted. However we also numerically observed the presence of Fano-like resonances when the feedback loop induces cavity states that are slightly detuned from the Brillouin linewidth. This could find various applications in the optical filtering and laser development.
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